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The advances in computer assistance technology have allowed detailed three-dimensional preoperative
planning and simulation of preoperative plans. The use of a navigation system as an intraoperative
assistance tool allows more accurate execution of the preoperative plan, compared to manual operation
without assistance of the navigation system.
In total hip arthroplasty using CT-based navigation, three-dimensional preoperative planning with
computer software allows the surgeon to determine the optimal angle of implant placement at which
implant impingement is unlikely to occur in the range of hip joint motion necessary for daily activities of
living, and to determine the amount of three-dimensional correction for leg length and offset. With the
use of computer navigation for intraoperative assistance, the preoperative plan can be precisely executed.
In hip osteotomy using CT-based navigation, the navigation allows three-dimensional preoperative
planning, intraoperative conﬁrmation of osteotomy sites, safe performance of osteotomy even under
poor visual conditions, and a reduction in exposure doses from intraoperative ﬂuoroscopy. Positions of
the tips of chisels can be displayed on the computer monitor during surgery in real time, and staff other
than the operator can also be aware of the progress of surgery. Thus, computer navigation also has an
educational value. On the other hand, its limitations include the need for placement of trackers, increased
radiation exposure from preoperative CT scans, and prolonged operative time. Moreover, because the
position of a bone fragment cannot be traced after osteotomy, methods to ﬁnd its precise position after
its movement need to be developed. Despite the need to develop methods for the postoperative eval-
uation of accuracy for osteotomy, further application and development of these systems are expected in
the future.
© 2016 The Japanese Orthopaedic Association. Published by Elsevier B.V. All rights reserved.1. Introduction
Although the locomotorium, the bones, joints, ligaments, and
muscles that we orthopaedic surgeons treat, has a three-
dimensional structure, the three-dimensional structure is
commonly imagined from plain radiographs taken in two di-
mensions, or cross-sectional images obtained by computed to-
mography (CT). In recent years, advances in computer technology
have facilitated the construction of a three-dimensional structure
from images, and it has been possible to prepare preoperative
plans, to provide surgical assistance, and to perform postoperative88th Annual Meeting of The
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tion. Published by Elsevier B.V. Allevaluation with the use of various imaging data [1]. However,
techniques using such computer technology have still not been
widely adopted, but are used in only a limited number of in-
stitutions at present. According to the results of a joint replacement
registry survey conducted by the Japanese Society for Replacement
Arthroplasty, computer-assisted navigation is used in approxi-
mately 5e6% of the cases of total hip arthroplasty (THA). However,
this is the proportion of the cases of navigation-assisted THA, and it
is assumed that three-dimensional preoperative plans using com-
puter software are prepared at more institutions.
For the typical surgical procedures for the hip joint, THA and
osteotomy, it can be considered that technology for three-
dimensional preoperative planning and computer assistance in
THA has been established. Three-dimensional preoperative plan-
ning with computer software allows the surgeon to determine the
optimal angle of implant placement at which implant impingement
is unlikely to occur in the range of hip joint motion necessary forrights reserved.
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dimensional correction for leg length and offset. With the use of
computer-assisted navigation for intraoperative assistance, the
preoperative plan can be precisely executed [2,3]. Hip osteotomy
includes pelvic osteotomy and femoral osteotomy, both of which
require detailed preoperative planning and advanced surgical
techniques [4]. Although computer assistance technology is useful
for preoperative planning and intraoperative identiﬁcation of the
osteotomy sites in hip osteotomy, the technology is still in the
development stage and has not been adopted as widely as the
computer assistance technology for THA. We currently use com-
puter assistance technology to prepare three-dimensional preop-
erative plans for both THA and hip osteotomy. And, in order to
execute the preoperative plans, we use CT-based computer-assisted
navigation.
In this article, we describe the current status of THA and hip
osteotomy with the use of computer-assisted navigation, which we
perform at our department, and discuss the future prospects of
these techniques. The procedures described in this article were
approved by the authors' institutional review board. And all the
patients and their families were informed that data from the case
would be submitted for publication, and gave their consent.
2. THA using CT-based navigation
2.1. Preoperative planning
Before surgery, CT images of the pelvis and femurs are obtained
with 1.5-mm slice thickness. For THA, the CT data are transferred in
the DICOM (Digital Imaging and Communications in Medicine)
format to the CT-based Hip Navigation System (Stryker Orthopae-
dics, Mahwah, NJ, USA), and a preoperative plan is prepared with
the same software. While three-dimensional images are observed
in preoperative planning, this software allows the size of implants,
the site and angle of implant placement, and the site of femoral
neck osteotomy to be determined. The type and size of implants are
selected with consideration of the morphology of the pelvis and
femurs in each case (Fig. 1). For the reference plane for the angle of
stem placement, the coordinate system based on the retrocondylar
plane formed by the posterior margin of the greater trochanter and
the posterior condyles of both femurs is used [5]. For the stem, theFig. 1. Preoperative planning of THA. The site of cup placement is planned to avoid bone g
selected to achieve press-ﬁt with reference to the anteroposterior diameter of the acetabulum
femoral neck and adjusted according to cases (b).angle of antetorsion is determined according to the shape of the
femoral neck and adjusted according to each case. For the reference
plane for the angle of cup placement, the functional pelvic plane
(FPP) corrected for pelvic tilt at the supine position is used in
principle. In cases with severe posterior pelvic tilt before surgery or
those in which postural changes between standing and lying
greatly change pelvic tilt, preoperative plans are prepared in
consideration of changes in pelvic tilt [6]. An appropriate cup size is
selected to achieve press-ﬁt with reference to the anteroposterior
diameter of the acetabulum. For the angle of implant placement,
the inclination angle of the cup is set to 40 by radiographic deﬁ-
nition. On the basis of the combined anteversion therapy proposed
by Widmer et al. [7], the angles of cup anteversion and the stem
antetorsion are determined. After planning for the cup and stem is
completed, the leg length, offset, range of motion, and impinge-
ment can be conﬁrmed.
2.2. Intraoperative assistance
Surgery is performedwith the patient in the lateral position, and
the navigation device is placed at the head of the operating table.
The mini-direct lateral approach with 7e8 cm skin incision is used
to expose the hip joint [8]. This approach allows good identiﬁcation
of both trackers of the pelvis and femur, and a tracker of the femur
can be traced even with a leg at the dislocation position. After the
hip joint is exposed, 2 pins are inserted into the iliac crest and 2 into
the distal femur, and the pelvic and femoral trackers are placed.
After the trackers are conﬁrmed to be ﬁxed ﬁrmly, the shape of the
femur and pelvis is registered by point pair matching followed by
surface matching of 30 points or more. Registration is conﬁrmed by
touching the bone surfaces with the pointer probe. When the ac-
curacy is insufﬁcient, it is necessary to increase the number of
points of surface matching or to redo the registration. After regis-
tration of the femur and pelvis is completed, the osteotomy line in
the femoral neck can be checked on the computer screen.While the
position of the reamer is checked on the computer monitor, the
acetabulum is reamed according to the preoperative plan. Also for
the cup placement, the position, inclination angle, and anteversion
angle of the cup can be checked in real time (Fig. 2). Then, rasping
and stem placement are performed while varus-valgus and ante-
torsion angles of the stem are checked on the computer monitorrafting and high cup placement as much as possible, while an appropriate cup size is
(a). For the stem, the angle of antetorsion is determined according to the shape of the
Fig. 2. Cup placement using CT-based navigation. While the position of the cup is checked on the computer monitor (a), the cup is placed according to the preoperative plan (b).
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motion and lift-off of the implant at the dislocation position are
examined.
3. Hip osteotomy using CT-based navigation
3.1. Preoperative planning
For hip osteotomy, preoperative CT data are transferred in the
DICOM format to three-dimensional template software ZedHip
(LEXI Co., Tokyo, Japan). The data on the three-dimensional shape
of bones are converted to the Standard Template Library (STL)
format with the same software. The resultant STL data are trans-
ferred to the modeling software FreeForm (Sensable, Wilmington,
MA, USA), and a preoperative plan is prepared with FreeForm. For
surgical assistance, the preoperative plan prepared with FreeFormFig. 3. Stem placement using CT-based navigation. While the angles of varus-valgus and anis transferred in the STL format to OrthoMap 3D Navigation System
(Stryker Orthopaedics, Mahwah, NJ, USA).
For preoperative planning of rotational acetabular osteotomy
[9], the acetabulum is planned to be spherically osteomized. The
sphere is planned as follows: Its center is set around the center of
the femoral head (center of the hip joint). The upper surface of the
sphere is to pass approximately 25 mm proximally from the
acetabular margin. The posterior surface is to pass at the innomi-
nate groove of the ischium and the midpoint between the acetab-
ular margin and the greater sciatic notch. The anterior surface is to
pass from the distal part of the anteroinferior iliac spine to the
center of the pubis. The medial surface is planned to slightly
penetrate the inner cortex of the iliac bone in order to avoid cutting
into the joint. The diameter of the sphere, which varies between
cases, is often 80e90 mm (Fig. 4). For the amount of rotation of the
resected acetabular fragment; it is laterally rotated until thetetorsion of the stem are checked on the computer monitor (a), the stem is placed (b).
Fig. 4. Preoperative planning of osteotomy line in rotational acetabular osteotomy. Regarding preoperative planning of osteotomy lines, the acetabulum is planned to be spherically
osteomized, and the center of the sphere is set around the center of the femoral head (center of the hip joint) (a).
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part of the acetabulum is insufﬁciently covered, the amount of
anterior rotation is planned to correct the coverage (Fig. 5).
A preoperative plan of femoral osteotomy is also prepared with
the modeling software FreeForm in the same manner. The software
allows the planning of osteotomy sites for femoral varus osteotomy,
derotation osteotomy, rotational osteotomy of the femoral head,
and the like, as well as identifying the optimally corrected position
after osteotomy (Fig. 6). Moreover, the site of placement of the in-
ternal ﬁxation device after osteotomy, the direction of insertion ofFig. 5. Preoperative planning of the ideal amount of transposition in rotational acetabular
angle becomes 0 , and the coverage of the anterior part is also corrected (b).screws, and screw length can also be planned before surgery
(Fig. 7). Even in a pathological condition causing femoroacetabular
impingement, the impingement site can be conﬁrmed by motion
analysis using computer software, and the site and the ideal
amount of resection can be planned for osteochondroplasty (Fig. 7).
3.2. Intraoperative assistance
Rotational acetabular osteotomy is performed with patient in
the lateral position through the transtrochanteric approach.We useosteotomy. The osteomized bone fragment is laterally rotated until the acetabular roof
Fig. 6. Preoperative planning of rotational osteotomy of the femoral head. In the preoperative planning of rotational osteotomy of the femoral head for a case with right slipped
capital femoral epiphysis, osteotomy line, the amount of rotation and varus correction can be planned (a, b: preoperative three-dimensional model of the femur, c: preoperative plan
of osteotomy line, d, e: preoperative plan of rotational osteotomy of the femur head).
Fig. 7. Preoperative planning of placement of internal ﬁxation device. The site of
placement of the internal ﬁxation device, the direction of insertion of screws, and
screw length can also be planned before surgery.
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and its surroundings and facilitates surgical maneuvers using
computer navigation. Two pins are inserted into the iliac crest to
place a pelvic tracker, and the pelvis is registered in the same
manner as THA. Next, a tracker is attached to a ﬂat chisel, and the
tip of the ﬂat chisel is registered. Once the tip of the ﬂat chisel is
registered, we can see the position of the tip of the ﬂat chisel on the
computer monitor. While the position of the tip of the ﬂat chisel is
checked on the computer screen, the osteotomy line is markedwiththe ﬂat chisel according to the preoperative plan (Fig. 8). Then, in
the same manner as the ﬂat chisel, the tip of a curved chisel is
registered. Whilst checking the position of the tip of the curved
chisel on the computer monitor, the trabecular bone and the inner
cortex of the iliac bone are osteomized according to the preopera-
tive plan. Although osteotomy of the pubis is performed under poor
visual conditions and is a difﬁcult procedure, it can be safely per-
formed by checking the positions of the tip of the curved chisel on
the navigation screen. The software is set to turn the computer
screen red and to sound a warning alarm when the tip of a chisel
crosses the preoperatively planned osteotomy line inward (Fig. 9).
Thus, CT-based navigation allows the detection of deviations from
the preoperative plan during surgery so that osteotomy can be
performed while correction is made. The position of the osteom-
ized bone fragment cannot be conﬁrmed in real time after the
completion of osteotomy. Thus, after the rotating bone fragment is
temporarily ﬁxed, we examine by touching the surface of the
rotated bone fragment with the pointer probe whether the path of
the rotating bone fragment after osteotomy is consistent with the
preoperatively planned path (Fig. 10). The rotating bone fragment is
ﬁxed with 3 polylactic acid absorbable screws with a 4.5-mm
diameter. Even after ﬁxation with absorbable screws, the position
of the bone fragment is checked with the pointer probe, and
intraoperative ﬂuoroscopy is not performed in principle.
Femoral osteotomy also can be performed using CT-based
navigation. After registration of the femur, the osteotomy site,
sites of insertion of internal ﬁxation device and screws, and
direction of insertion of screws are checked on the computer
monitor. In varus osteotomy or derotation osteotomy of the
femur, the sites of insertion of screws for the internal ﬁxation
device are checked before osteotomy, and the sites on both the
proximal and distal bone fragments are drilled under the nav-
igation guidance. After osteotomy, the screws for the internal
Fig. 8. Marking of an osteotomy line with the use of a ﬂat chisel. The position of the tip of a ﬂat chisel can be conﬁrmed on the computer monitor during surgery (a, arrows). The
osteotomy line is marked with the ﬂat chisel according to the preoperative plan (b, arrows).
Fig. 9. Osteotomy with a curved chisel and a warning sign on the computer monitor. The tip of a curved chisel can be conﬁrmed on the computer monitor (arrows). When the tip of
a chisel enters the preoperatively planned sphere during surgery, the computer monitor turns red, and a warning alarm is simultaneously sounded.
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fragments. In this manner, correction can be made according to
the preoperative plan (Fig. 11). In rotational osteotomy of the
femoral head, osteotomy can be accurately performed by
intraoperatively checking the preoperatively planned osteot-
omy line under the navigation guidance. For resection of
impingement sites, parts to be resected can be intraoperatively
conﬁrmed in real time under the navigation guidance, and
osteochondroplasty can be performed according to the preop-
erative plan (Fig. 12).3.3. The accuracy of the CT-based navigation in minimally invasive
THA
The accuracy of CT-based navigation can be clinically evaluated
by comparing the angle and position of a placed implant deter-
mined by postoperative CT to the values indicated by the navigation
during surgery. When the absolute values of the differences be-
tween intraoperative navigation values and postoperative CT
measurements are calculated as errors, the errors in recent 100
minimally invasive THAs were 2.2 ± 2.1 for cup inclination,
Fig. 10. Conﬁrmation of the position of the bone fragment after transposition. After the osteomized bone fragment is rotated and temporarily ﬁxed, we examine by touching its
surface with the pointer probe whether the path of the rotating bone fragment is consistent with the preoperatively planned path (purple area).
Fig. 11. Femoral derotation varus osteotomy using CT-based navigation. In femoral derotation varus osteotomy, the sites on both proximal and distal bone fragments are drilled
under the navigation guidance (a, b). After osteotomy (c), screws for the internal ﬁxation device are inserted into drilled sites to ﬁx bone fragments (d).
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Moreover, outlier errors of 5 or more in absolute values of differ-
ences between intraoperative navigation values and postoperative
CT measurements were observed in 11.1% of the cases for angle of
cup inclination, 9.3% for angle of cup anteversion, and 15.7% forangle of stem antetorsion. There was no case with an error of 10 or
more [6]. According to the results described above, the error of CT-
based navigation for implant placement ranges from 2 to 3, which
is comparable to the values indicated in other reports [11,12]. Thus,
in THA, in which the angle of implant placement can be accurately
Fig. 12. Arthroscopic osteochondroplasty using CT-based navigation. For arthroscopic resection of impingement sites, parts to be resected can be intraoperatively conﬁrmed in real
time under the navigation guidance, and osteochondroplasty can be performed according to the preoperative plan.
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evaluated. However, because the accuracy is difﬁcult to precisely
evaluate in osteotomy, procedures to evaluate the accuracy need to
be developed for hip osteotomy in the future.
3.4. Current status and future prospects
With the advances in computer technology, computer naviga-
tion systems have been developed as a surgical assistance tool and
reported to be useful [13]. Computer-assisted navigation systems
are classiﬁed into 3 types, namely, CT-based, ﬂuoro-based, and
imageless navigation. For ﬂuoro-based navigation using intra-
operative ﬂuoroscopic images, and imageless navigation using
anatomical landmarks as reference points, preoperative planning
cannot be performed. Other disadvantages of imageless navigation
are that it relies mainly on the surgeon's precision, experience,
ability, and learning curve to mark the optimal anatomical bony
landmarks for the application of the pointer probes [14].
CT-based navigation has a signiﬁcant advantage of allowing
accurate preoperative planning based on preoperative CT data.
Recently, Elkins et al. investigated a range of favorable cup orien-
tation by considering both surface wear and component stability
using a validated THA ﬁnite element model [15]. They concluded
that ideal cup position was more restrictive than the historically
deﬁned safe zone. From their results, more accurate preoperative
planning and precise execution of the preoperative planning should
be needed. There are many reports that preoperative planning
based on CT data is useful for THA. The preoperative planning based
on three-dimensional patient anatomy facilitates restoration of
acetabular center of rotation and allows the ideal acetabular incli-
nation and anteversion angle [16]. Moreover, the preoperative
three-dimensional planning gives a higher accuracy than conven-
tional two-dimensional templating in forecasting the size of cup
and the stem [17]. The use of postoperative CT allows postoperative
three-dimensional assessment. Cup orientation is typically
assessed on two-dimensional postoperative anteroposterior X-ray
radiographs; however postoperative CT scan-based methods are
regarded as the most reliable methods for measuring postoperative
cup orientation [18]. The limitations of the CT-based navigation
include the slightly cumbersome intraoperative maneuver, a steep
learning curve [19], the longer time required for preoperative
planning, increased radiation exposure from preoperative CT, andcosts [20]. From the medical economics point of view, computer
navigation system is covered by insurance in Japan, charging
approximately 170 USD when used in a surgery. However, the
charge is way too low considering the high pricing of the navigation
system including its software which makes it awfully hard to cover
the initial installation cost of the system. This is part of the reason
why the navigation system has not widespread in Japan. Thus, the
development of navigation systemwith lower price while securing
the current accuracy would be essential for its dissemination.
The advances in computer assistance technology have allowed
detailed three-dimensional preoperative planning and simulation
of preoperative plans. The use of a navigation system as an intra-
operative assistance tool allows more accurate execution of the
preoperative plan, compared to manual operation without assis-
tance of the navigation system. With regard to THA surgery, the
navigation systems signiﬁcantly improve the surgeon's ability to
insert the acetabular component in the optimal orientation [21,22].
Our results were also favorable, as shown by themean errors of 2.2
for angle of cup inclination, 1.9 for angle of cup anteversion, and
3.4 for angle of stem antetorsion. However, an error of 5 or more
was observed in 11.1% and 9.3% of the cases for angles of cup
inclination and anteversion, respectively. It is necessary to note that
approximately 10% of cases are associated with an error of 5 or
more regarding the angles.
Navigation systems can provide invaluable intraoperative in-
formation and assist surgeons in achieving consistently more ac-
curate results [1]. However, the majority of the studies show a lack
of improved clinical outcomes. A long term follow-up study
showed that CT-based navigation reduces the rates of dislocation
and impingement-related mechanical complications leading to
revision in cementless THA using ceramic-on-ceramic bearing
couples [23]. Because reports of long-term clinical outcomes of THA
using a navigation system are limited, further studies are needed.
Computer navigation is useful for osteotomy in the following
ways. The navigation allows three-dimensional preoperative
planning, intraoperative conﬁrmation of osteotomy sites, safe per-
formance of osteotomy even under poor visual conditions, and a
reduction in exposure doses from intraoperative ﬂuoroscopy. In
addition, the positions of the tips of chisels can be displayed on the
computer monitor during surgery in real time, and staff other than
the operator can also be aware of the progress of surgery. Thus,
computer navigation also has an educational value. On the other
Y. Inaba et al. / Journal of Orthopaedic Science 21 (2016) 107e115 115hand, its limitations include the need for placement of trackers,
increased radiation exposure from preoperative CT scans, and
prolonged operative time. Moreover, because the position of a bone
fragment cannot be traced after osteotomy, methods to ﬁnd its
precise position after its movement need to be developed.
For THA, the computer navigation systems have been shown to
be useful and are expected to be more widely adopted. Although
they have many aspects that need to be further improved or
developed for hip osteotomy, the computer navigation systems are
an extremely useful and promising technique.
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